Rational development of technology for rapid control of noncompressible torso hemorrhage (NCTH) requires detailed understanding of what is bleeding. Our objectives were to describe the anatomic location of truncal bleeding in patients presenting with NCTH and compare endovascular (ENDO) management versus open (OPEN) management.
H emorrhage is the leading cause of potentially preventable civilian 1, 2 and military 3 trauma deaths. In contrast to other causes of trauma death, exsanguination occurs rapidly (median of 2-3 hours after presentation). [4] [5] [6] [7] [8] Although great progress has been made in the rapid control of compressible hemorrhage, especially the use of tourniquets for extremity hemorrhage, 9-11 initial management of noncompressible torso hemorrhage (NCTH) from thoracic, abdominal, and pelvic sources still presents a significant challenge. 11, 12 A retrospective review of 4,596 combat casualty mortalities from 2001 to 2011 in Afghanistan and Iraq found that 24% of deaths were potentially preventable and related to delayed or lack of hemorrhage control. Of the potentially preventable deaths, 67% were due to NCTH. 11 An epidemiologic study of the National Trauma Data Bank found that patients admitted to civilian trauma centers with NCTH and hypotension had nearly 50% mortality. 12 Until recently, expeditious open (OPEN) thoracotomy and/ or laparotomy were required for patients in hemorrhagic shock. Endovascular (ENDO) interventions were reserved for patients who were stable enough to undergo diagnostic studies revealing the injured vessel. The advent of hybrid operating rooms, where OPEN and ENDO techniques can be used as needed, has made possible the more frequent use of minimally invasive approaches for definitive control of NCTH in severely and multiply-injured patients. 13 However, both precise anatomic descriptions of the source(s) of NCTH and comparisons of ENDO versus OPEN techniques for hemorrhage control are lacking. The objective of this study was twofold: first, to describe the precise anatomic locations of bleeding in a population of adult trauma patients with NCTH, and second, to test the hypothesis that the ENDO versus OPEN approach was associated with reduced mortality in trauma patients presenting with NCTH.
PATIENTS AND METHODS

Study Design
Approval was obtained from the institutional review boards of all four study sites: the University of Texas Health Science Center at Houston (UTHealth), Baylor College of Medicine, the University of Texas Health Science Center at San Antonio, and the San Antonio Military Medical Center as well as the Human Research Protections Office of the US Army Medical Research and Materiel Command. The four study sites represent all of the adult Level I trauma centers for the Houston and San Antonio metropolitan areas; they collectively serve a population of 5.85 million, 14, 15 or 2.5% of the US adult population. 16 Each institutional trauma registry was queried to identify trauma patients who presented between 2008 and 2012 with NCTH defined as (1) named axial torso vessel disruption, (2) Abbreviated Injury Scale (AIS) chest or abdomen score of 3 or greater with concomitant shock (base excess, <−4) or emergent operation (≤90 minutes after presentation), or (3) pelvic fracture with ring disruption. Patients who had an isolated hip fracture or isolated fall from standing were excluded. Demographic information, admission vital signs and laboratory studies, AIS and Injury Severity Score (ISS), transfusion of blood products, intensive care unit (ICU)-free days, and mortality were obtained from the institutional trauma registry and/or medical record. Cause of death was obtained from the institutional trauma registry. Radiological and/or operative reports were reviewed to describe as specifically as possible the anatomic location of NCTH or the specific vessel injured. Patients were divided into three groups based on the initial approach to hemorrhage control: OPEN (without resuscitative thoracotomy [RT]), ENDO (including REBOA), and RT). RT patients were grouped separately due to the ramifications of this therapy. Patients who did not undergo one of these procedures or who had prehospital cardiopulmonary resuscitation were excluded. Patients with documented OPEN and ENDO procedures for initial control of one or more sources of NCTH were categorized as the more invasive modality (OPEN). Study data were collected and managed at UTHealth using Research Electronic Data Capture, 17 a secure, Web-based application designed to support data capture for research studies.
Statistical Analysis
Statistical analysis was performed using Stata 14.1 (StataCorp LP, College Station, TX). Data are reported as median values with interquartile range or proportions as appropriate. Categorical data were analyzed by the χ 2 test or Fisher's exact test for categories with five patients or less. Nonparametric comparisons of continuous variables were performed using the Kruskal-Wallis test. If significant, post hoc pairwise comparisons with Holm-Bonferroni adjustments were performed using the Wilcoxon rank-sum test for continuous data and χ 2 or Fisher's exact test for categorical data. To test the hypothesis that ENDO was associated with decreased in-hospital mortality compared with OPEN, we used a mixed-effects Poisson regression with robust error variance, which has been described as a method to estimate relative risks (RR) for a binary outcome. 18 We controlled for age, ISS, mechanism, severe head injury (AIS head ≥3), shock (base excess, ≤4 mEq/L), and hypotension (systolic blood pressure [SBP] , <90 mm Hg) as fixed effects and site as a random effect. Subgroup analyses were performed based on the body cavity of hemorrhage (chest, abdomen, or pelvis). Missing base excess and SBP data were imputed with predictive mean matching (20 imputations) using age, ISS, AIS scores, mechanism, and treatment (ENDO vs. OPEN vs. RT). An alpha level of 0.05 was used for all statistical tests.
RESULTS
Demographics
During the 5-year study period, 678 patients with NCTH were included. A total of 135 patients were excluded (56 with prehospital cardiopulmonary resuscitation, 54 who did not undergo a procedure for hemorrhage control, 15 who died before an intervention was performed, and 10 with missing procedure data), leaving 543 (80%) patients who underwent ENDO (n = 166, 31%), OPEN (n = 309, 57%), or RT (n = 68, 12%). The number of included patients per site was 203, 171, 128, and 41, respectively. Use of ENDO significantly increased from 21% in 2008 to 41% in 2012 (p < 0.01). Only one patient in the ENDO group underwent REBOA. Nine (3%) OPEN patients also underwent an ENDO procedure for initial control of NCTH.
Demographics and admission parameters are summarized in Table 1 . Patients in the ENDO group were older, had higher incidence of blunt mechanism, and had higher ISS, as well as much longer times to intervention than OPEN or RT patients.
Blood Product Transfusions and Mortality
Outcomes data are summarized in Table 2 . The mortality per site was 29%, 30%, 13%, and 37%, respectively (p < 0.01). Transfusions were performed according to institutional practice without sharing of protocols. ENDO patients received the fewest 24-hour RBCs, whereas plasma and platelet transfusions were not different between groups. ENDO patients had the highest 24-hour plasma-RBC ratio. Both median 24-hour plasma-RBC (1.00 vs. 0.14 vs. 0.70 vs. 0.63) and platelet-RBC (0.67 vs. 0.00 vs. 0.28 vs. 0.53) varied significantly between sites (both p < 0.05).
Exsanguination was significantly less frequent as a cause of death in ENDO patients (40% vs. 67% vs. 89%), although exsanguination was the most commonly cited cause of death for all groups. TBI and sepsis/multiple organ failure were the second and third most common causes of death in the ENDO group and were more common compared with the OPEN and RT groups. Time to death was significantly longer in ENDO patients (median, 66 vs. 4 vs. 2 hours). Incidence of rebleeding requiring unplanned interventions and ICU-free days between ENDO and OPEN groups were similar. The procedure performed to address rebleeding (OPEN versus ENDO) was not available.
Description of Vascular Injury
Anatomic locations of bleeding are summarized in Table 3 . The overall distribution of NCTH was chest 25%, abdomen 41%, pelvis 31%, and unspecified 3%. Injuries in the ENDO group were most common in the pelvis, whereas injuries in the OPEN and RT groups were most commonly abdominal. In the ENDO group, two anatomic locations of bleeding-the descending thoracic aorta (n = 44, 27%) and the internal iliac arteries (n = 51, 31%)-accounted for over half of all ENDO interventions. Only five (3%) ENDO interventions were for venous bleeding. In contrast, sources of bleeding in the OPEN and RT groups were much more diverse. Many relatively common bleeding sources in the OPEN and RT groups had no representation in the ENDO group.
Multivariable Analysis
Predictive mean matching with age, ISS, AIS scores, mechanism, and treatment were used to impute missing SBP and base excess values for 65 (12%) patients. After imputation, the distribution of SBP and base excess values were unchanged. We constructed a mixed-effects Poisson regression with robust error variance controlling for age, ISS, mechanism, severe head Because a large proportion of ENDO interventions were performed after blunt thoracic aortic injury (BTAI), possibly for low-grade injuries, we performed a sensitivity analysis using the above covariates and imputed values after excluding patients with BTAI. In this cohort (n = 488), ENDO was associated with reduced mortality compared with OPEN (RR, 0.67; 95% CI, 0.54-0.83).
ENDO Versus OPEN in the Chest Versus Abdomen Versus Pelvis
Exploratory analyses of bleeding for each body cavity (chest, abdomen, or pelvis) were performed (Fig. 1) . Using the same covariates as above, use of ENDO was associated with reduced mortality in the chest (n = 137; RR, 0.31; 95% CI, 0.15-0.64) and abdomen (n = 225; RR, 0.38; 95% CI, 0.34-0.44), but not pelvis (n = 167; RR, 1.10; 95% CI, 0.32-3.79).
Diagnostic studies were performed for all multivariable models (see Supplemental Digital Content 1, http://links.lww. com/TA/A951). In terms of global goodness-of-fit, χ 2 tests of the deviance statistic were not significant (p > 0.05). Visual inspection of deviance residuals versus predicted values revealed no outliers, and all residuals were within two standard deviations of the mean. Due to the dichotomous outcome, the residuals were not expected to be normally distributed. Instead, we used our model to generate simulated data; visual comparison of actual versus simulated residuals did not reveal large deviations.
DISCUSSION
We performed a retrospective study of adult patients with NCTH presenting to four Level I trauma centers from 2008 to 2012, which collectively represent all of the adult Level I centers in the Houston and San Antonio metropolitan areas. The most common cause of death of all patients in this study was exsanguination (70%): median time to exsanguination was 2 hours (interquartile range, 1 to 5 hours), consistent with other studies of hemorrhaging trauma patients, [4] [5] [6] [7] [8] and a testament to the time criticality of hemorrhage control. Using mixed-effects P, we found that ENDO was significantly associated with decreased mortality compared with OPEN in all patients. However, there were significant preintervention disparities between ENDO and OPEN patients. Although ENDO patients had higher ISS, OPEN patients had significantly decreased time to intervention, increased 24-hour RBC transfusions despite shorter time to death, and increased incidence of exsanguination, all consistent with the notion that OPEN patients had substantial on-going hemorrhage at admission, while ENDO patients-although in shock-were stable enough to undergo an ENDO procedure. There were no differences in 24-hour plasma or platelet transfusions, but this may have been due to survivor bias.
Given the ubiquity of ENDO therapy in the elective treatment of vascular disease and its successful use in vascular emergencies, such as ruptured abdominal aortic aneurysm, 19 definitive ENDO treatment of traumatic hemorrhage is becoming increasingly viable. 20 One of the first areas where ENDO treatment was identified as potentially advantageous was bleeding from pelvic fractures. 21, 22 Guidelines from the Eastern Association for the Surgery of Trauma (EAST), published in 2011, recommend pursuing ENDO management for any hemodynamically unstable patient with hemorrhage related to pelvic fractures without significant bleeding from another source (Level I recommendation), whereas preperitoneal packing is recommended as salvage therapy after failure of ENDO therapy (Level III recommendation). 23 On the other hand, a more recent guideline from the Western Trauma Association, published in 2016, describes several "complimentary, and not mutually exclusive, options" including pelvic stabilization, preperitoneal packing, REBOA, and ENDO therapy, 24 without clear superiority of any one strategy. A recent multicenter prospective observational study of 1,339 patients with pelvic fracture found that angioembolization and external pelvic fixation were the most common hemorrhage control techniques for arterial and venous bleeding, respectively. 25 Whereas the subgroup with hemorrhagic shock had 32% mortality, a recent single-institution observational study by Burlew et al. 26 found that preperitoneal packing as first-line therapy for 128 patients with hemorrhagic shock from unstable pelvic fractures was associated with mortality of only 21%, challenging the notion that preperitoneal packing should be relegated to salvage therapy. In the present study, mortality in patients with hemorrhagic shock from pelvic hemorrhage was 27%. We found that use of ENDO for pelvic hemorrhage was not associated with improved odds of survival on within-group multiple logistic regression. This was likely because ENDO patients with the most significant hemorrhage were bleeding from the pelvis, consistent with EAST guidelines. Among all 166 ENDO patients, seven (4%) patients exsanguinated within 6 hours of admission, and six of these had bleeding from the pelvis.
In the chest and abdomen, current guidelines recommend that ENDO therapy should be reserved for hemodynamically stable patients, whereas unstable patients should undergo OPEN hemorrhage control. [27] [28] [29] [30] [31] [32] Specifically, current data suggest that delayed repair of low-grade (1 or 2) BTAIs is safe, and ENDO therapy is recommended as first-line treatment by 2015 EAST guidelines. 27 Delayed repair of BTAI is justified in the multiple injuries patient where more immediate lifesaving interventions (e.g., emergent laparotomy or craniotomy) are prioritized, and the aortic injury is temporized by medical blood pressure control before definitive repair. 27 However, patients with high-grade (3 or 4) blunt aortic injuries should not be considered for delayed repair. 28 Current EAST and Western Trauma Association guidelines recommend ENDO intervention for blunt hepatic 29, 30 and splenic 31, 32 injury only in hemodynamically stable patients. In the present study, ENDO was associated with reduced mortality in the chest and abdomen.
We found that less than 1% of venous injuries were treated by ENDO technique. Disruption of larger and more centrally located veins is required for significant venous hemorrhage due to the lower pressure in the venous system. Patients with injury of large veins often present in profound hemorrhagic shock and are not stable enough to undergo ENDO intervention. At the same time, the ENDO treatment of major venous disruption, such as caval 33 or portal venous injury, 34 is not well described. One impetus for this study is to generate data to inform the rational development of prehospital NCTH control devices or the prehospital implementation of existing devices (e.g., REBOA). Such devices could save many lives in both the civilian and military sectors in much the same way as the extremity tourniquet, 35 especially if applied early 36 and before the onset of shock. [9] [10] [11] However, the danger is that any device which occludes or tamponades blood flow may exacerbate hemorrhage proximal to the occlusion. Therefore, it is essential to establish the anatomic source of NCTH (or at least rule out proximal hemorrhage) if such a device is to be used safely. For example, Hurley and Holcomb 37 performed a retrospective review of 402 patients who underwent emergent laparotomy at a single Level I trauma center, and found that 9% of patients would have benefited from prehospital application of the abdominal aortic junctional tourniquet, because the bleeding source was distal to the aortic bifurcation.
The primary limitation of this study was confounding by indication bias. ENDO interventions were performed almost exclusively for arterial bleeding and for predominantly few anatomic locations. As a whole, ENDO patients had significantly longer times to intervention, longer times to death, and decreased incidence of exsanguination-all suggesting that ENDO patients were generally hemodynamically stable enough for an ENDO procedure, whereas OPEN patients more often had substantial ongoing hemorrhage at time of admission. Exceptions included patients with substantial pelvic hemorrhage who underwent ENDO. Indicators of response to initial resuscitation-such as number of blood products transfused within the first few hours after admission, presence of computed tomography scan before definitive hemorrhage control, and perioperative vital signs or laboratory data-could have been used to stratify patients by degree of ongoing hemorrhage, but were unfortunately not available for this retrospective study. The ENDO group likely included patients with low-grade injury who were at low risk for hemorrhage, but we lacked data regarding the grade of blunt arterial injury to exclude these patients. Another limitation is that only one patient underwent REBOA during this period. The use of REBOA is increasing, is safe in high volumecenters, 38 and is at least as effective as RT in achieving aortic occlusion without the morbidity of a highly invasive procedure. 39 It is unclear what impact REBOA has in the decision making of ENDO versus OPEN control of NCTH, and this should be investigated in future studies. It is also unknown how many OPEN patients underwent exploration primarily for identification and repair of nonvascular injuries (e.g., bowel injuries) with incidental intraoperative control of hemorrhage. However, there were likely few such patients, given that OPEN patients had evidence of increased on-going hemorrhage as described above. Additionally, we observed a strong association between ENDO and decreased mortality, whereas a significant number of OPEN patients who were at low risk for exsanguination would have diluted this association. Although we sought to identify all adult patients with significant NCTH who survived to hospital presentation, this study does not include those successfully managed at a non-Level I facility, or those who presented to a non-Level I facility and died before transfer. Comprehensive autopsy studies will be required to definitively address the magnitude of this problem.
In conclusion, use of ENDO techniques for nonelective indications is increasing. In this study of patients with NCTH, ENDO treatment was used predominantly after blunt mechanism, in a much more delayed fashion, and for a narrower range of anatomic injuries compared to OPEN hemorrhage control. Its use seems consistent with current guidelines. Although ENDO treatment in this study was significantly associated with decreased mortality in all patients, significant between-group differences limit the generalizability of this finding.
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